Abstract-To implement demand response in residential sector and facilitate the integration of renewable resources and plug-in electric vehicles in future smart grid, this paper proposes a framework of home energy management system (HEMS) and a optimization algorithm for it based on improved artificial bee colony. The algorithm schedules the operations of schedulable home appliances according to electricity price, forecasted outdoor temperature and renewable power output, and user preferences to minimize user's electricity cost. The effectiveness of the algorithm is verified by simulations, and the electricity cost can be reduced by 47.76%.
I. INTRODUCTION
In recent several decades, the electricity demand has been growing significantly. In 2012, the electricity generation of the whole world was 22,668 TWh, and 67.9 percent of it was generated by coal, natural gas, and oil [1] , which makes the power industry major emission source of greenhouse gases. Increasing the share of electricity generated by renewable resources, such as wind and solar is an effective way to this problem. However, due to the variable and uncertainty characteristics, high penetration of wind and solar may threaten the power quality and stability of power system [2] . In addition, with the fast development of electric vehicle (EV) technology and the concern about environmental problems, the market share of EV will increase significantly in the next few years. Because of their characteristics of temporal and spatial aggregation, the charging of a large number of EVs without control may increase peak load, overload distribution lines, shorten the lifespans of distribution transformers, and threaten the reliability of the power system. In existing power system, these problems are difficult to solve. To address these challenges, smart grid emerged several years ago, which is the hot topic of academic and industry communities.
Different from the existing power system, which only has unidirectional energy flow (i.e., from electricity generators to consumers through transmission and distribution networks), smart grid has bidirectional energy flow and information flow. In smart grid, besides a few big power plants, there will be plenty of small distributed renewable power generators in consumer side, such as wind power generators and rooftop photovoltaic (PV) systems in residential areas. In this case, the residential electricity users can sell surplus electricity to power grid for revenue through home energy management system (HEMS). In smart grid, residential users are prosumers of electricity.
HEMS is an important integral part of smart grid, through which demand response (DR) can be implemented in residential sector. DR is an effective method to reduce peak-toaverage (PAR) ratio of power demand, improve the utilization of power assets, enhance the reliability of power system, and facilitate the integration of renewable resources and EVs. HEMS is being studied by many researchers, a large number of papers have been published, and a few demonstration projects have been built.
Optimal scheduling algorithm is the core of a HEMS, and therefore many papers focus on this topic. For example, [3] proposed an energy scheduling model and optimization algorithms for residential electricity consumers in a dynamic pricing environment to minimize energy cost, and it formulated the power scheduling problem as a mixed-integer linear programming (MILP) problem which was solved using GUROBI. In [4] , the authors evaluated the real-time pricebased DR application for residential appliances via stochastic optimization and robust optimization approaches which all were formulated as MILP problems and solved by CPLEX. In [5] , the authors proposed a versatile convex programming DR optimization framework for household appliances. In [6] , the authors presented an approach for power scheduling in smart home and solved the problem using a genetic algorithm. In [7] , the authors introduced a particle swarm optimization based scheduling algorithm for residential users to optimize their acquisition of electrical energy services.
Different from the aforementioned algorithms, this paper proposes a optimization algorithm for HEMS based on artificial bee colony (ABC) which can be used by residential consumers to minimize their electricity cost in the future smart grid. For this propose, a HEMS framework is introduced, which consists of loads, renewable power generation, home energy storage battery, controller, smart meter, etc. In this framework, the scheduling problem is formulated as a constrained single-objective minimization problem and solved by an improved high-dimensional ABC optimization solver. The operations of schedulable home appliances are scheduled by the proposed algorithm which takes the electricity price, forecasted outdoor temperature and renewable power generation, and user preference settings into consideration. The effectiveness of the proposed algorithm is verified by simulations.
The rest of the paper is organized as follows. Section II describes the system architecture of the proposed HEMS. Section III presents the models and constraints of main controllable home appliances and defines the optimization problem. Section IV discusses the improvement of highdimensional ABC algorithm and describes the proposed algorithm for HEMS. Section V presents the simulation results, and Section VI concludes the paper.
II. FRAMEWORK OF HEMS
In this paper, it is assumed that in the future smart grid, each residential user has a HEMS as shown in Fig. 1 in his/her home. In this framework, home appliances (i.e., loads) are divided into two categories: non-schedulable appliances and schedulable appliances. As shown in Fig. 1 , computer, home entertainment system, lighting, refrigerator, microwave oven, and monitoring system are all non-schedulable appliances because scheduling their operations will affect user's comfort level severely. Heating, ventilation, and air conditioning (HVAC), electrical water heater (EWH), washing machine (WM), clothes dryer (CD), and dishwasher (DW) are schedulable appliances, whose applications can be scheduled to some extent without decreasing user's comfort level. At the same time, these appliances are power hungry. Take HVAC as an example, it consumes 22.3% of residential power [8] . Different from the home appliances mentioned above, PHEV not only act as a load absorbing electricity from power grid for transportation but also, in some special cases, act as a power source discharging stored energy in its battery to other home appliances or grid through the function of vehicle-to-home or vehicle-to-grid . In this paper, it is considered as a load.
The home storage battery has two functions: first, it is used to flatten the power output of PV system; second, it can buy electricity from power grid when the electricity price is low and supply the stored energy to home appliances or sell it to power grid for revenue when the electricity price is high. Smart meter is the interface between HMES and smart grid, through which the bidirectional energy and information exchanges between them are realized. In this paper, the electricity price is assumed to be day-ahead price, i.e., the electricity price of every hour in the next day are published to users through the smart meter one day ahead.
Controller is the kernel of HEMS, and it communicates with other HEMS components over a home area network, which can be realized by wireless or wired communication technologies (e.g., Zigbee, power line communication ). The controller access the Internet through broadband access unit (BAU) to get weather information of the scheduling horizon.
In this framework, the power distribution relationship among loads, PV, battery, and power grid is shown in Fig. 2 . In this figure, G2L t p is the power that is transmitted from grid to loads in time slot t . Other symbols have similar meanings.
In the proposed framework, schedulable home appliances and PHEV are scheduling objects, whose operations are scheduled by the controller according to the forecasted outdoor temperature and PV power output of scheduling horizon, electricity price, and user preference settings to minimize user's electricity cost.
III. PROBLEM FORMATION
In this section, models and constraints for schedulable home appliances, PHEV, and home storage battery are described. Based on these descriptions, the scheduling problem is defined. In the following sections, the scheduling horizon is denoted by T , which is divided evenly to slot N time slots with the length of t Δ , i.e.,
A. Models and Constraints for Main Components of HEMS 1) HVAC
Under the operation of HVAC, the indoor temperature can be calculated using model (1) , which is developed in [9] .
where Room t T and
are the indoor temperatures ( ) in time slots t and 1 + t , respectively; t G is the heat gain rate of the house in Btu/h during time slot t ; Δc is the energy needed to change the temperature of the air in the room by 1 (Btu/ ); HVAC C is the cooling/heating capacity of HVAC in Btu/h, positive for heating and negative for cooling;
HVAC t S is the working status of HVAC in time slot t , 1 for on and 0 for off. For simplicity, it is assumed that the HVAC runs with its rated power, HVAC P (kW), when it is turned on.
The indoor temperature should be within the user prespecified range which is depicted by (2) Room Room Room min max
2) EWH , hot water flow of outlet t F , and other parameters of EWH. Based on the model proposed in [10] , the hot water temperature is calculated by (3)
where C is the equivalent thermal mass (Btu/ ); EWH G is the ratio of the surface area of EWH to the thermal resistance of the tank. t B ,
' t R and t Q are calculated according to (4), (5) and (6), respectively.
where water d is the density of water, p C is the specific heat of water, t F represents hot water flow rate in time slot t .
EWH
P is the rated power of the EWH (kW).
EWH t S is the status of the EWH in time slot t , 1 for on and 0 for off.
Under the operation of EWH, the hot water temperature should be maintained within the range defined by a user, which is expressed by (7) .
3) PHEV When PHEV is being charged, its state-of-charge (SOC) can be determined by (8) , and during the scheduling horizon, the SOC of PHEV should meet constraints (9) 4) WM, CD, and DW WM, CD, and DW are considered as non-interruptible home appliances, i.e., once they are started, they must be kept working with their rated powers until their tasks are completed. In this case, from the perspective of scheduling, the task starting times are their decision variables. Each appliance of them has a scheduling interval defined by users, and only in this interval, its operation is valid. At the same time, the number of time slots that are needed to complete the specified task is set by users. For these three appliances, constraint (11) should be met. N is the number of time slots that are needed to complete the task of appliance a .
5) Home storage battery
The SOC of home storage battery is calculated using (12) or (13) 
B. Scheduling Model Formation of HEMS
The net electricity cost of the scheduling horizon is determined by (20), which consists of three items: the first item is the cost paid by the user for purchasing electricity from power grid, the second item is the degradation cost of home storage battery, and the third item is the revenue of selling the surplus electricity to power grid. Considering the uncertainties that are introduced by the prediction errors of outdoor temperature and PV power output prediction algorithms, in this paper, scenarios are used to capture these characteristics. Deg c is the battery degradation cost ($/kW·h), whose calculation method can be found in [2] .
The scheduling problem of HEMS during scheduling horizon is formulated as model (21), which is a constrained single-objective minimization problem. (2), (7), (9)- (11), (14)-
In this model, working status of HVAC, EWH and PHEV in each time slot and task starting times of WM, CD, and DW are decision variables. The objective is to minimize the net electricity cost of the whole scheduling horizon.
IV. ALGORITHM DESIGN
Model (21) is a high-dimensional optimization problem. For example, if the scheduling horizon is 1d, which is divided evenly to 120 time slots, i.e., the length of each time slot is 12 minutes and the PHEV will be plugged in HEMS in time slot 90, then the dimension of decision vector of (21) is 273, which is difficult to solve. In this paper, this challenge is addressed by an improved ABC optimization solver.
A. Improved ABC Optimization Solver
ABC algorithm is a stochastic population-based algorithm, which was invented by Karaboga through simulating the foraging behavior of honey bee swarm in 2005. The artificial bees in swarm are classified into three groups: employed bee, onlooker bee, and scout bee. Different groups have different responsibilities. Employed bees are responsible for searching foods around food sources and sharing food information with onlooker bees waiting in hive through waggle dancing. After getting the food information, the onlooker bees choose food sources in probabilities which are proportional to the nectar amount of foods sources. In ABC, each food source only has one employed bee, and when the nectar of the food source is exhausted, the corresponding employed bee becomes a scout bee and searches randomly to find a new food source. In ABC, a food source represents a possible solution to the optimization problem, and more nectar means better solution.
In [11] , we proposed an improved ABC algorithm named WGABC for numerical optimization, which introduced a linear decreasing inertial weight and a new food generation scheme at scout bee stage based on the framework presented in [12] . The results of numerical simulations on a set of benchmark functions show that the algorithm we proposed is superior to that in [12] . In this paper, an improved version of WGABC is used to solve model (21).
To enhance the algorithm's exploitation ability (i.e., the ability of finding better solutions using the knowledge of previous good solutions) in high-dimensional solution space, instead of just randomly selecting one variable from solution vector (i.e., food) to update its value for generating a new solution at employed bee and onlooker bee stages, in this paper, var N variables are randomly selected from solution vector to update, where var N is a parameter of algorithm set by a user. The improved version of WGABC is denoted by IWGABC.
B. Optimization Algorithm for HEMS Based on IWGABC
To solve the model (21) by the improved ABC optimization solver IWGABC, the food sources in the algorithm are coded as Fig. 3. plug N denotes the time slot in which PHEV is plugged in HEMS. In this paper, it is assumed that PHEV can be ensured plugging in HEMS from time slot and the last three variables are the task starting times of WM, CD, and DW, respectively.
As described in Section III.A, working status is binary variable, and task staring time is integer variable. However, the ABC optimization solver we proposed in Section IV.A is for unconstrained continuous optimization problems, i.e., the decision variables are real numbers. In addition, penalty function method is used to handle the constraints of (21), and the penalty function is defined as (22), then the function value of food source i in ABC algorithm is defined as (23), where M is a big positive constant. 
food, cost, viol,
The definition in (22) only considers constraints (2)(7)(9), because the other constraints can be guaranteed to be satisfied by energy distribution method.
The fitness value of food i is calculated using (24), and the probability that the food is selected by onlooker bees is determined by (25). 
N is the number of food sources, and it is equal to the number of employed bees.
The principal steps of the proposed algorithm for HEMS based on IWGABC in smart grid are described as follows.
Step1: Get electricity price and weather information of the scheduling horizon from power company and Internet, respectively. Based on weather information, the power output of PV system is predicted. Step5: Initialization 1) Randomly generate a set of food sources, and each food represents a feasible solution of optimization problem.
2) Calculate the function value and fitness value of each food source using (23) and (24), respectively. Select the global best food source [12] denoted by y , i.e., the food source whose fitness value is maximum.
3) Calculate the probability of each food using (25). 4) Reset iteration counter k and each food source's counter.
Step6: Calculate the inertial weight of this iteration using (26). x ; otherwise, discard v and add one to the counter of i x . After finishing the above operations for every food sources, calculate the probability of each food source using (25).
Step8: onlooker bee stage Each onlooker bee selects a food source in probability and performs operations as step1)~step 4) described in employed bee stage.
Step9: scout bee stage Find the food source whose counter reaches the threshold and turn the corresponding employed bee to a scout bee. The scout bee randomly searches for a new food source.
Step10: memorize the global best food source Update the global best food source according to food sources' fitness values.
Step11: (21) is obtained.
Step13: Schedule the operations of HVAC, EWH, PHEV, DW, CD, and DW according to the solution obtained in Step12 during the scheduling horizon.
V. SIMULATION RESULTS

A. Input Data and Parameter Settings
The scheduling horizon is 1d, and the number of time slots slot N is 120, i.e., 0.2 t Δ = h. The electricity price, forecasted outdoor temperature, and PV power output are assumed as shown in Fig. 4, Fig. 5, and Fig. 6 , respectively.
The parameters of house and HVAC of [13] 
B. Results and Analyses
Under the input data and parameter settings described above, the simulation results of the algorithm are listed in Table II . The results are the average values of 30 independent runs of the algorithm. For comparison, the simulation results of the benchmark case where home appliances and PHEV run without scheduling are also listed in Table II .
The results demonstrate that during the scheduling horizon, the user's net cost are reduced from 183.05 cents to 108.44 cents, i.e., the net cost is reduced by 47.76% using the algorithm for HEMS proposed in this paper. Three factors contribute to this achievement: first, part of the electricity consumption is shift from high price hours to low price hours; second, the algorithm takes the power output of PV into consideration, and the power demand of home appliances and the PV generation are better matched, which increases the utilization of PV power and decreases the amount of electricity purchased from power grid; finally, due to the ability of selling electricity to power grid, the user can sell the surplus electricity generated by PV to power grid for revenue and no electricity is wasted; In addition, he/she can purchase electricity from power grid and store it in home storage battery on low price hours and sell the stored electricity to power grid for profit on high price hours. The statistics of net cost and runtime of the 30 independent runs of the algorithm are listed in Table III . From the results in this table, we can say that the algorithm is robust enough for practical application. Because the algorithm is an offline algorithm, i.e., it runs once before the start of the scheduling horizon, the runtime is acceptable for application.
To demonstrate the improvement we made on WGABC in Section IV.A, the optimization solver IWGABC used in Section IV.B was replaced by WGABC and under the same parameter settings and input data as described in Section V.A, the algorithm based on WGABC was run 30 times independently and the results were recorded. Fig. 7 is the plots of the function value food f of global best food source of these two solvers. Compared to WGABC, IWGABC has a faster convergence and a better value. The average net cost of algorithm based on WGABC is 116.68 cents, which is higher 7.60% than that of the algorithm based on IWGABC. From Fig.  7 , we can conclude that the improvement made on WGABC is significant.
VI. CONCLUSION
Residential sector is the biggest potential field of reducing peak demand through DR in smart grid [15] . HEMS is key to implement DR in this sector. To this end, in this paper, we have proposed a framework of HEMS which consists of loads, PHEV, renewable generation, battery, etc. An optimization algorithm for this framework based on an improved ABC algorithm has been introduced. The algorithm scheduled the operations of home appliances and PHEV according to the dayahead electricity price, forecasted outdoor temperature and PV power output, and user preferences to minimize electricity cost. The effectiveness of the algorithm has been verified by simulations. The algorithm can be used by residential users in the future smart grid.
